Abstract-A novel double-ridge loaded folded waveguide (FWG) traveling-wave tube (TWT) amplifier for sheet electron beam working at 140 GHz is proposed in this paper. The dispersion relation and interaction impedance characteristics have been analyzed based on the equivalent circuit method. The transmission properties and nonlinear interaction are investigated. The simulation results reveal that the double-ridge loaded FWG-TWT with sheet electron beam can make full use of relatively large electronic fields, and the average output power can be over 110 W at 140 GHz when the electron beam voltage and the current of the sheet beam are set to 12.7 kV and 150 mA, respectively. Meanwhile, the maximum gain and interaction efficiency can reach 34 dB and 12%, respectively. Compared with the traditional FWG-TWT, the novel FWG-TWT has the advantages of much higher efficiency and bigger output power.
INTRODUCTION
Realization of the fully-integrated high power millimeter-wave amplifiers with moderate bandwidth will have significant impact on a variety of defense applications, such as high data-rate communication, airborne collision avoidance systems, and high resolution radar imaging. These amplifiers require robust all-metal structures for thermal handling capability, which limits the use of conventional wideband traveling-wave tubes (TWTs), such as the helix. The foldedwaveguide (FWG) circuit [1] [2] [3] [4] [5] [6] [7] can be chosen as a compromise between the wide bandwidth of the helix and the high power handling the coupled-cavity structure. Based on previous investigation results of the FWG-TWT [8] [9] [10] [11] , a lot of considerable efforts have been devoted to exploring novel structures to improve the performance of tube [12] [13] [14] [15] . On the other hand, as the energy source in the TWT is the electron beam that emits from a thermionic cathode, the power is limited by maximum current density. The sheet electron beam [16] has become more interesting than the conventional pencil electron beam because of its lager current transport capacity, relatively lower space charge effect and possessing larger power capacity.
In order to get higher output power of the TWT at 140 GHz, we designed a novel broadband double-ridge loaded FWG-TWT with sheet electron beam. The ultimate goal of our research was to develop a 140 GHz FWG-TWT with broadband, high beam-wave energy conversion efficiency and relatively high output power. Based on the cold-circuit calculation results by means of equivalent circuit in this paper, we constructed full 3-D beam-wave interaction circuit model. Furthermore, the CST Studio Suites [17] were carried out to predict and optimize the performance of the double-ridge loaded FWG slow wave structure (SWS).
DOUBLE-RIDGE LOADED SLOW-WAVE STRUCTURE
This kind of slow wave structure is shown in Figure 1 , which is evolved from the original serpentine FWG-SWS, and combined with the advantages of the traditional FWG-SWS, E-plane loaded FWG-SWS and H-plane loaded FWG-SWS. In this structure, the wide and narrow sides of the straight portions of the traditional FWG-SWS have been changed because of the double ridge loaded. A sheet electron beam tunnel passes through the E-plane of straight portions of the double-ridge loaded FWG-SWS.
The fundamental mode TE10 of the rectangular waveguide is a symmetrical mode, which is the operation mode in the double-ridge loaded FWG-TWT as shown in Figure 2 . A sinusoidal phase variation along the axial direction is observed. The red color represents the positive direction of the longitudinal electric fields, and the blue one represents the negative direction. It means that the accelerating and retarding electronic fields distribute periodically along the axial direction, which is the requirements for amplification mechanism of the TWT.
As can been seen in Figure 2 which is obtained from the CST-PS 3-D particle-in-cell simulation, the electric field is mainly distributed in the middle of the broad side of rectangular waveguide, and the closer to the side wall, the weaker the electric field becomes. Therefore, the traditional pencil beam tunnel covers smaller area than that of the sheet beam, so that the relatively strong electric field beyond the beam channel could not be fully utilized in the beam-wave interaction, and the improvement of the output power is thereby limited. In order to select appropriate parameter of the sheet beam tunnel, we have done some preliminary analysis of the longitudinal electric field distribution in the transverse direction. These results are given in the Figures 3 and 4. In fact, the field distribution should be symmetric in both x and y directions. However, due to the numerical error in the process of our calculation, the field distributions of the double-ridge loaded FWG-SWS are not exactly symmetric.
The horizontal axis represents the distance from the observation point to the center on the broad wall of the double-ridge loaded SWS. The left and right vertical axes represent the amplitude of electric field and interaction impedance, respectively. It is observed from the Figure 3 that the maximum values for the longitudinal electric field and interaction impedance appear in the center of the channel, while at the edge of the broad wall, both electric fields and interaction impedance may be zero. But considering the effects of beam the tunnel, the electric fields and interaction impedance distribution are depicted in Figure 4 . It is indicated that both electric fields and interaction impedance are minimum in the middle, while the maximum electric fields and interaction impedance appear at observation point 0. 
RADIO-FREQUENCY CHARACTERISTICS
Since the slow-wave structure is periodic, the simulation can be carried out only in one pitch. The high frequency properties of this structure were calculated by the equivalent circuit method which is developed to analyze dispersion characteristics and interaction impedance of the FWG-SWS by our group [12, 18, 19] . For comparison, we also simulated the structure using a 3-D electromagnetic code, HSSS [20] .
The dispersion relation and interaction impedance characteristics of the double-ridge loaded FWG-SWS have been plotted in Figure 5 . It is observed that there is fairly good agreement between the two methods and that the wave velocity changes slowly when the frequency is varied, which means a very wide bandwidth. 
TRANSMISSION PROPERTY
The signal transmission property of twenty-period double-ridge FWG-SWS with rectangular beam tunnel is presented with the CST transient solver, as shown in Figure 6 . It is observed that the reflection parameter S 11 is almost below −15 dB and that transmission coefficient to 156 GHz frequency range. This result implies that this circuit structure possesses quite wide bandwidth and low reflection. It is noted that in all simulation of this paper, the material is set as copper with the effective conductivity of 2.2 × 10 7 S/m considering surface roughness [21] .
PARTICLE-IN-CELL SIMULATIONS
In this section, a full-scale 3-D circuit model for the double-ridge loaded FWG-TWT is presented. And the CST-PS particle-in-cell code is carried out to investigate the amplification performance of this kind of TWT the model. The dimensional parameters are listed in Table 1 . In order to obtain a large gain and suppress the oscillation caused by reflection, the whole interaction circuit is divided into two sections by attenuators shown in Figure 7 . The first section consists of 25 periods, and the second section consists of 46 periods. The sever region represents an ideal attenuator and cuts off the propagation path of the signal wave without reflection which includes 3 periods. The beam voltage was held set at an optimized constant value of 12.7 kV. The beam current should be high enough to enhance the efficiency of beam-wave interaction, but low current density is expected, because a space margin between the beam fringe and the tunnel wall is required. Its dimension should be sufficient to reduce the beam focusing requirements. It is assumed that the sheet beam with a current of 150 mA moves through a rectangular cross section of 0.32 × 0.13 mm 2 in the central area of the beam tunnel corresponding to the beam filling factor is 35% with a current density of 360 A/cm 2 . And a uniform magnetic field with amplitude of 0.3 Tesla is used here to confine focus on the electron beam. In our simulations, the driven power is set to 90 mw. The amplified performance of double-ridge FWG-TWT at 140 GHz was verified. We selected 7 typical frequencies for the calculations to verify the amplitude-frequency response. The results are shown by plotting the output power versus the driving frequencies sweeping from 125 to 155 GHz, as shown in Figure 8(a) , where the corresponding gain is also given. As can be seen, the power saturates at 225 W corresponding to the maximum gain 34 dB and beam-wave interaction efficiency 12% at 140 GHz. The maximum output power reaches 342 W at 145 GHz, which corresponds to a gain of 35.8 dB and an interaction efficiency of 18%.
For comparison, we also studied the amplified performance of double-ridge FWG-TWT with a pencil beam at 140 GHz. It is assumed that the pencil beam with a current of 150 mA moves through a round cross section of 0.1 × 0.1 mm 2 in the central area of the beam tunnel corresponding to the beam filling factor is 60%. Figure 8(b) shows that amplified power saturates at 43 W corresponding to the beamwave energy conversion efficiency 3.1%. This means that the novel double-ridge loaded FWG-TWT with sheet beam can obtain higher power and efficiency. Figure 9 gives the frequency spectrum of input and output signals. As can be seen, the amplified output signal peak is at 140 GHz, and its amplitude is 32 dB higher than the input signal. It is also observed that the higher harmonics of the operating frequency are excited at around 280 GHz and 420 GHz or higher frequencies, but the amplitudes of these higher harmonics are much lower than that of the operating frequency. Figure 10 shows an enlarged image of the energy distribution of the particles in the phase space along the axial direction at 3.3 ns when the electron dynamic is in a steady state. It is clearly illustrated that the number of the retarded electrons is much more than the accelerated electrons, which means that most electrons transfer their energy to electromagnetic fields and that only a small number of electrons absorb the energy from the electromagnetic fields. Therefore, the output signal has been amplified.
SUMMARY AND CONCLUSION
This paper has presented a novel double-ridge loaded FWG-SWS with a sheet beam electron as the RF circuit for TWT operating in the 140 GHz. The electromagnetic properties were calculated by means of the equivalent circuit method. Subsequently, according to the parameters given by the theatrical analysis, the nonlinear interaction of this kind of TWT was investigated. Compared with the traditional FWG-TWT, the novel FWG-TWT with sheet beam has the advantage of higher efficiency and bigger output power. It is revealed that we will provide a new potential of double-ridge loaded FWG-SWS for obtaining high power radiation source at the terahertz frequency. Future work will be concentrated on the practical application of this kind of TWT. 
